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ABSTRACT 

T h i s  p a p e r  d e s c r i b e s  a s t u d y  done u s i n g  two 
s e p a r a t e  d e s i g n  a p p r o a c h e s  fo r  a pumped l o o p  r a d i a -  
t o r  u s e d  t o  t r a n s f e r  h e a t  f r o m  t h e  c o l d  e n d  o f  a 
s o l a r  dynamic  p o w e r e d  S t i r l i n g  e n g i n e .  The f i r s t  
a p p r o a c h  u s e s  a s t a c d a i - d  m e t h o d  t o  d e t e r m i n e  r a d i a -  
t o r  r e q u i r e m e n t s  to  m e e t  s p e c i f i e d  end  o f  m i s s i o n  
c o n d i t i o n s .  T r a d e - o f f  s t u d i e s  c o n d u c t e d  f o r  t h e  
a n a l y s i s  a r e  i n c l u d e d .  J u s t i f i c a t i o n  o f  t h i s  con -  
c e p t  w i t h i n  t h e  s p e c i f i e d  p a r a m e t e r s  o f  t h e  a n a l y -  
s i s  i s  p r o v i d e d .  The second  d e s i g n  a p p r o a c h  u s e d  
d e t e r m i n e s  t h e  1 i f e  p e r f o r m a n c e  o f  t h e  r a d i a t o r /  
S t i r l i n g  s y s t e m .  I n  t h i s  a p p r o a c h ,  t h e  s y s t e m  p e r -  
f o r m a n c e  was a l t e r e d  b y  r e d u c i n g  t h e  r a d i a t o r  h e a t  
t r a n s f e r  a r e a .  P e r f o r m a n c e  e f f e c t s  and  e q u i  1 i b -  
r i u m  p o i n t s  w e r e  d e t e r m i n e d  as  r a d i a t o r  segments 
w e r e  removed .  T h i s  s i m u l a t e s  t h e  e f f e c t  o f  l o s s  
o f  r a d i a t o r  s e c t i o n s  due  to m i c r o - m e t e o r o i d  and  
space  d e b r i s  p e n e t r a t i o n .  The two d e s i g n s  were  

m e n t s  and  g o a l s .  
.-l compared  o n  t h e  b a s i s  o f  o v e r a l l  s y s t e m  r e q u i r e -  
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INTRODUCTION 

Thermodynamic p r i n c i p l e s ,  as  w e l l  as  p h y s i c a l  
r e a l i t i e s  of h e a t  e n g i n e  d e s i g n ,  r e q u i r e  w a s t e  
h e a t  to be r e j e c t e d  from s y s t e m s  e m p l o y i n g  t h e s e  
c o n v e r s i o n  d e v i c e s .  The d e s i g n  o f  r a d i a t o r s  t o  
r e j e c t  t h i s  h e a t  i s  o f t e n  a v e r y  c r i t i c a l  i s s u e  
for  a space  b a s e d  power  s y s t e m .  S t i r l i n g  e n g i n e  
power  c o n v e r s i o n  e f f i c i e n c y  i n c r e a s e s  as t h e  c o l d  
e n d  t e m p e r a t u r e  i s  l o w e r e d  when a c o n s t a n t  h o t  
s i d e  t e m p e r a t u r e  i s  assumed.  T h e r e f o r e ,  a s m a l l e r ,  
l e s s  m a s s i v e  e n g i n e  w o u l d  be r e q u i r e d  for a s p e c i -  
f i e d  power  l e v e l  w i t h  t h e  l o w e r  c o l d  end  tempera -  
t u r e .  However ,  t h e  a r e a  r e q u i r e d  t o  r a d i a t e  h e a t  
i s  i n v e r s e l y  r e l a t e d  to t h e  h e a t  r e j e c t i o n  tempera -  
t u r e  to t h e  f o u r t h  p o w e r .  These c h a r a c t e r i s t i c s  
of t h e  e n g i n e  a n d  1 - a d i a t o r  d r i v e  an o p t i m a l  s y s t e m  
t e m p e r a t u r e  i n  o p p o s i t e  d i r e c t i o n s .  O f t e n .  t h e  
r a d i a t o r  has  a more  p r o n o u n c e d  i n f l u e n c e  o n  t h e  
s y s  tem mass .  

t h e  d e s i g n  o f  a r a d i a t o r  for t h e  c o l d  e n d  o f  a 
s o l a r  d y n a m i c  S t i r l i n g  e n g i n e  power  s y s t e m .  
f i r s t  a p p r o a c h  i s ,  t h e  a u t h o r  c o n s i d e r s ,  a s t a n d -  
a r d  t e c h n i q u e  f o r  r a d i a t o r  d e s i g n .  A h e a t  l o a d  i s  
s p e c i f i e d  to b e  r e j e c t e d  a t  t h e  end  o f  m i s s i o n .  
The r a d i a t o r  s i z e  i s  t h e n  d e t e r m i n e d  a c c o u n t i n g  
for  an a l l o t t e d  amount  o f  r e d u n d a n c y  ( a d d i t i o n a l  
r a d i a t o r  s e c t i o n s  t h a t  work  i n  p a r a l l e l  w i t h  t h e  
r e s t  o f  t h e  s y s t e m ) .  E x t r a  h e a t  p i p e s  i n  a r a d i a -  
tot- and  p a r a l l e l  pumped l o o p s  a r e  r a d i a t o r  

T h i s  p a p e r  p r e s e n t s  two a p p r o a c h e s  u s e d  i n  
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components t h a t  a r e  c o n s i d e r e d  r e d u n d a n t .  The 
e x t r a s e g m e n t s  a l l o w  p o r t i o n s  o f  t h e  r a d i a t o r  t o  
become i n o p e r a t i v e  due to p e n e t r a t i o n s  b y  m ic rome-  
t e o r o i d s  and  space  d e b r i s  w h i l e  h a v i n g  n o  a f f e c t  
o n  t h e  m e e t i n g  o f  s y s t e m  r e q u i r e m e n t s .  A r a d i a t o r  
i s  d e s i g n e d  t o  m e e t  c e r t a i n  p r o b a b i l i t y  o f  s u r v i v a -  
b i l i t y  r e q u i r e m e n t s .  The use  o f  r e d u n d a n c y  a l l o w s  
t h e  o v e r a l l  s u r v i v a l  r e q u i r e m e n t s  o f  i n d i v i d u a l  
componen ts  t o  b e  r e d u c e d  due  t o  " e x t r a s "  b e i n g  
a v a i l a b l e .  T h i s  d e c r e a s e d  s u r v i v a l  c o n d i t i o n  
r e d u c e s  t h e  r e q u i r e d  amount  o f  p r o t e c t i v e  m a t e r i a l  
( a r m o r )  needed  o n  t h e  r a d i a t o r .  T h i s  i n  t u r n  
a l l o w s  a s m a l l e r  t e m p e r a t u r e  d r o p  t h r o u g h  t h i s  
a rmor  and  t h e r e f o r e ,  a s m a l l e r  r a d i a t o r  w o u l d  be 
needed  ( n o t  i n c l u d i n g  t h e  r e d u n d a n t  s e g m e n t s ) .  
I n i t i a l l y ,  more r e d u n d a n c y  i n  a r a d i a t o r  a l l o w s  
i t s  t o t a l  mass to be r e d u c e d  due t o  a r e d u c t i o n  
i n  t h e  r e q u i r e d  a r m o r  t h i c k n e s s .  A p o i n t  i s  
r e a c h e d  where  t h e  e x t r a  componen t  mass i s  not  o f f -  
s e t  b y  t h e  o v e r a l l  mass s a v i n g s  o b t a i n e d  b y  t h e  
s y s t e m .  Thus ,  a min imum r a d i a t o r  mass i s  a f u n c -  
t i o n  o f  t h e  r e d u n d a n c y  a s  w e l l  as  o t h e r  r a d i a t o r  
c h a r a c t e r i s t i c s .  

I n  t h e  above  a p p r o a c h ,  a r a d i a t o r  i s  i n i t i a l l y  
o v e r s i z e d  t h e r m a l l y  t o  mee t  t h e  h e a t  t r a n s f e r  
r e q u i r e m e n t s .  A d d i t i o n a l  a r e a  e x i s t s  a t  t h e  b e g i n -  
n i n g  o f  t h e  m i s s i o n  t h a t  i s  c a p a b l e  o f  b e i n g  u s e d  
f o r  h e a t  t r a n s f e r .  The second  a p p r o a c h  d i s c u s s e d  
i n  t h i s  r e p o r t  t h e r m a l l y  s i z e s  t h e  r a d i a t o r  i n i -  
t i a l l y  t o  j u s t  mee t  t h e  h e a t  t r a n s f e r  r e q u i r e m e n t s  
( i . e . ,  no r e d u n d a n c y ) ,  b u t  d e t e r m i n e s  t h e  a r m o r i n g  
t h i c k n e s s  as t h o u g h  r e d u n d a n c y  e x i s t e d .  T h i s  
a p p r o a c h  u s e s  t h e  e f f e c t  o f  r e d u n d a n c y  t o  i t s  m a x i -  
mum a d v a n t a g e .  The a r m o r  t h i c k n e s s ,  a n d  t h e r e f o r e  
t h e  r a d i a t o r  mass,  w i l l  be r e d u c e d  d u e  t o  t h e  
assumed r e d u n d a n c y  and  l o w e r  d e s i g n  h e a t  t r a n s f e r  
r e q u i r e m e n t s .  The l e s s e n e d  a r m o r  t h i c k n e s s  w i l l  
a l s o  r e d u c e  t h e  r e q u i r e d  r a d i a t o r  s i z e  due t o  t h e  
l o w e r  t h e r m a l  r e s i s t a n c e  to h e a t  t r a n s f e r  t h r o u g h  
t h e  a r m o r .  A s  r a d i a t o r  s e c t i o n s  become i n o p e r a -  
t i v e ,  t h e  r a d i a t o r  h e a t  t r a n s f e r  c a p a b i l i t y  i s  
r e d u c e d  due t o  t h e  l a c k  o f  e x c e s s  a r e a  b e i n g  a v a i l -  
a b l e  t h a t  c o u l d  b e  u s e d .  T h e r e f o r e ,  as  t h i s  
o c c u r s ,  a s s u m i n g  t h e  c h a r a c t e r i s t i c s  o f  t h e  s o l a r  
dynamic  s y s t e m  h a v e  r e m a i n e d  c o n s t a n t ,  a n  i n c r e a s e d  
r a d i a t o r  and  S t i r l i n g  e n g i n e  c o l d  e n d  t e m p e r a t u r e  
w i l l  be r e a l i z e d  a n d  w i t h  i t ,  a r e d u c e d  e n g i n e  
e l e c t r i c a l  o u t p u t .  T h i s  low e n d  t e m p e r a t u r e  w i l l  
c o n t i n u a l l y  b e  a d j u s t e d  u p w a r d  as  inore r a d i a t o r  
a r e a  becomes i n o p e r a t i v e  r e s u l t i n g  i n  a d e c r e a s e  
i n  t h e  e n g i n e  e f f i c i e n c y .  The e n g i n e  p e r f o r m a n c e  
w i l l  t h u s  b e  a f u n c t i o n  o f  r a d i a t o r  segment  l i f e .  
I f  a s y s t e m  c a n  w i t h s t a n d  some amount  o f  d e g r a d a -  
t i o n  i n  i t s  l i f e .  e v e n  f o r  a s h o r t  w h i l e  u n t i l  t h e  
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r a d i a t o r  a r e a  can be r e s t w e d ,  t h i s  d e s i g n  a p p r o a c h  
may o f f e r  a s u b s t a n t i a l  s a v i n g  i n  r a d i a t o r  mass .  
A n o t h e r  p o s s i b i l i t y  i n  s y s t e m  p l a n n i n g  i s  t o  o v e r -  
d e s i g n  t h e  j o l a r  d y n a m i c s  c o l l e c t o r .  r e c e i v e r ,  
and  power c o n v e r s i o n  e n g i n e  and  u s e  a p a r a s i t i c  
l o a d  [ r e s i s t o r  t o  d i s s i p a t e  e x c e s s  ener-gy t h a t  may 
n o t  b e  r e q u i r e d  b y  t h e  s y s t e m  i n i t i a l l y .  Then,  as 
segmen ts  o f  r a d i a t o r  a r e a  a r e  d e s t r o y e d ,  e n g i n e  
p e r f o r m a n c e  w i l l  d e c r e a s e  and  t h e  r e s i s t o r  w i l l  
h a v e  t o  d i s s i p a t e  l e s s  e n e r g y  t o  mee t  t h e  b a s i c  
s y s t e m  n e e d s .  

T h i s  p a p e r  d e s c r i b e s  t h e  two d e s i g n  me thods  
i n  more d e t a i l  f o r  a s p e c i f i c  d e s i g n  s i t u a t i o n .  
C o m p a r i s o n s  a r e  made o f  t h e  two a p p r o a c h e s  a n d  con -  
c l u s i o n s  made from t h e  r e s u l  t s .  

R EQU I R E M  EN TS 

An e f f o r t  was u n d e r t a k e n  t o  d e s i g n  a w a s t e  
h e a t  r a d i a t o r  fo r  a s h o r t  d u r a t i o n ,  space  s o l a r  
d y n a r n i c l S t i r l i n g  e n g i n e  e x p e r i m e n t .  T h i s  i n i t i a l  
c o n c e p t  was s p e c i f i e d  t o  be a r i g i d  s y s t e m  l i m i t e d  
i n  s i z e  t o  f i t  i n  t h e  space  s h u t t l e .  A c y l i n d r i -  
c a l l y  shaped ,  pumped l o o p  r a d i a t o r ,  a p p r o x i m a t e l y  
12 f t  ( 3 . 6 5 8  m) i n  d i a m e t e r  t o  r o u g h l y  m a t c h  t h e  
c a l c u l a t e d  s o l a r  d y n a m i c  c o n c e n t r a t o r  s i z e  was 
u s e d  f o r  t h e  d e s i g n .  The b a s i c  c o n f i g u r a t i o n  
shown i n  F i g .  1 was assumed.  

A l l o w a n c e  was made f o r  r a d i a t i o n  from t h e  
c y l i n d r i c a l  r a d i a t o r  i n n e r  s u r f a c e  t o  t h e  a r e a  n o t  
o c c u p i e d  b y  t h e  s o l a r  d y n a m i c s  c o l l e c t o r .  A v i e w  
f a c t o r  from t h e  c y l  i n d e r  i n s i d e  s u r f a c e  to  space  
vtas d e t e r m i n e d  t o  be a p p r o x i m a t e l y  0 .39 .  No a d d i -  
t i o n a l  c r e d i t  or  p e n a l t y  was assumed for t h e  h e a t  
t i  a n s f e r  c a p a b i l i t y  o f  t h e  r a d i a t o r  due- t o  t h e  
p r e s e n c e  o f  t h e  s o l a r  d y n a m i c s  c o n c e n t r a t o r .  How- 
e v e r ,  due t o  i t s  p o s i t i o n ,  o n l y  m i c r o m e t e o r o i d s  
a n d  d e b r i s  o r i g i n a t i n g  from o n e  o f  t h e  c y l i n d r i c a l  
b a s e  o p e n i n g s  was c o n s i d e r e d  to i m p a c t  u p o n  t h e  
i n n e r  r a d i a t o r  s u r f a c e .  The s o l a r  d y n a m i c  concen-  
t r a t o r  was assumed t o  b l o c k  a n y  p a r t i c l e s  t h a t  
w o u l d  o r i g i n a t e  from t h e  d i r e c t i o n  o p p o s i t e  t h e  
"open"  c y 1  i n d e r  b a s e .  

The S t i r l i n g  e n g i n e  was r e q u i r e d  to  p r o d u c e  
1 . 5  kW o f  e l e c t r i c i t y .  The h o t  end  was s p e c i f i e d  
to b e  a t  1000 K .  T a b l e  I c o n t a i n s  t h e  t e m p e r a -  
t u r e s  and  h e a t  t r a n s f e r  v a l u e s  s p e c i f i e d  as  c h a r -  
a c t e r i s t i c s  o f  t h e  S t i r l i n g  e n g i n e s  and  r a d i a t o r s  
c o n s i d e r e d  f o r  t h i s  a n a l y s i s .  

A 1 y e a r  m i s s i o n  l i f e  w i t h  a 99 p e r c e n t  p r o b a -  
b i l i t y  o f  s u r v i v a b i l i t y  was c h o s e n  f o r  t h e  r a d i a -  
tor s y s t e m .  The a l t i t u d e  was c h o s e n  to b e  1000 km 
to o b t a i n  a h i g h  d e b r i s  f l u x  e n v i r o n m e n t .  A 250 K 
; i n k  t e m p e r a t u r e  was a l s o  assumed.  A segmen ted ,  
pumped loop r a d i a t o r  was s e l e c t e d  f o r  t h e  a n a l y s i s  
u s i n g  a m i x t u r e  o f  e t h y l e n e  g l y c o l  a n d  w a t e r  a t  a 
p r e s s u r e  o f  3.0 MPa as  t h e  w o r k i n g  f l u i d .  T h i s  
q i x t u t e  and p r e s s u r e  was c h o s e n  to  e n s u r e  t h e  r a d i -  
a t o r  w o u l d  n o t  f r e e z e  p r i o r  t o  t h e  e x p e r i m e n t  
commencing.  

STANDARD DESIGN METHOD 

A p p r o a c h  

A number o f  p a r a m e t e r s  were examined  t o  
d e t e r m i n e  t h e i r  a f f e c t  o n  s y s t e m  mass a n d  t o  m i n i -  
m i z e  i t .  Due to  t h e  assumed r a d i a t o r  c o n f i g u r a -  
t i o n ,  i t  was d e c i d e d  to  make t h e  s y s t e m  i n  e i t h e r  
3 or 6 i n d e p e n d e n t  r a d i a t o r  s e c t i o n s  ( p a n e l s ) .  
The number of r a d i a t o r  s e c t i o n s  a n d  t h e  number o f  
s e c t i o n s  r e q u i r e d  t o  s u r v i v e  were v a r i e d .  The 
e f f e c t  o f  v a r y i n g  t h e  t r a n s p o r t  d u c t  a n d  c o n n e c t -  
i n g  t u b e  ( t h e  t u b e s  b e t w e e n  t h e  t r a n s p o r t  d u c t s )  
d i a m e t e r s .  f i n  t h i c k n e s s e s ,  and  t h e  number o f  con -  
n e c t i n g  t u b e s  p e r  r a d i a t o r  p a n e l  was e x a m i n e d .  
A luminum,  t i t a n i u m ,  a n d  n i o b i u m  were  u s e d  t o  
d e t e r m i n e  a m in imum mass s y s t e m .  Two d i f f e r e n t  
t e m p e r a t u r e  d r o p s  e x p e r i e n c e d  b y  t h e  r a d i a t o r  were 
e x a m i n e d .  This t e m p e r a t u r e  change r e p r e s e n t s  t h e  
f l u i d  t e m p e r a t u r e  r i s e  t h a t  o c c u r s  as  i t  t r a v e l s  
t h r o u g h  t h e  S t i r l i n g  e n g i n e  and e x t r a c t s  h e a t  f r o m  
i t .  A 5 and  10 K t e m p e r a t u r e  change  were  u s e d  i n  
t h e  d e t e r m i n a t i o n  o f  a min imum mass r a d i a t o r .  The 
t e m p e r a t u r e s  l i s t e d  i n  T a b l e  I were  u s e d  as  t h e  
mean t e m p e r a t u r e s  t h a t  h a d  t o  be m e t  b y  t h e  f l u i d  
i n  t h e  e n g i n e .  

R e s u l t s  

The s t a n d a r d  d e s i g n  m e t h o d  assumes a r a d i a t o r  
t h a t  m u s t  m e e t  a s p e c i f i e d  h e a t  l o a d  a t  t h e  e n d  o f  
i t s  l i f e .  T h i s  d e s i g n  was r e q u i r e d  t o  w i t h s t a n d  
t h e  h e a t  l o a d  s t i p u l a t e d  by t h e  e n g i n e  c h a r a c t e r i s -  
t i c s  s t a t e d  i n  T a b l e  I w h i l e  t h e  a f o r e m e n t i o n e d  
v a r i a b l e s  w e r e  changed  i n  o r d e r  t o  d e t e r m i n e  t h e  
m in imum mass c o n f i g u r a t i o n .  F i g u r e  2 shows t h e  
o p t i m i z e d  r a d i a t o r  masses u s i n g  t h e  s t a n d a r d  
d e s i g n  a p p r o a c h  f o r  t h e  e n g i n e s  i n  T a b l e  I .  The 
c h a r a c t e r i s t i c s  shown i n  T a b l e s  I1  a n d  111 r e p r e -  
s e n t  t h e  min imum m a s s / c o n f i g u r a t i o n  d e t a i l s  f o r  
t h e  t e m p e r a t u r e  r a t i o s  o f  2 and  3 for  t h i s  d e s i g n  
a p p r o a c h .  

The r a d i a t o r  mass d e c r e a s e d  w i t h  d e c r e a s i n g  
h e a d e r  d i a m e t e r ,  c o n n e c t i n g  t u b e  d i a m e t e r ,  and  f i n  
t h i c k n e s s .  The a n a l y s i s  d i d  n o t  a l l o w  a n y  ma te -  
r i a l  t h i c k n e s s  v a r i a b l e s  t o  d e c r e a s e  b e l o w  0.0005 
m e t e r  due t o  assumed m a n u f a c t u r i n g  l i m i t s .  Any 
change  i n  t h e s e  l i m i t s  w i l l  h a v e  a d i r e c t  e f f e c t  
o n  t h e  s y s t e m  mass.  A s i g n i f i c a n t  f a c t o r  i n  t h e  
r a d i a t o r  mass i s  t h e  f i n  c o n t r i b u t i o n .  A r e d u c -  
t i o n  i n  t h i s  l i m i t  may g r e a t l y  d e c r e a s e  t h e  r a d i a -  
to r  mass.  S i m p l e  p r e s s u r e  s t r e s s e s  i n  t h e  h e a d e r  
a n d  c o n n e c t i n g  t u b e  m a t e r i a l  were  a l s o  d e t e r m i n e d  
a n d  a r e  s a f e l y  w i t h i n  a l l o w a n c e s  f o r  t h e  r a d i a t o r  
d e s i g n .  

T o t a l  o p t i m i z e d  r a d i a t o r  mass v a r i e d  f rom 
2 5 . 7  t o  10.2 k g  f o r  t h e  t e m p e r a t u r e  r a t i o s  cho-  
s e n .  I n  c o m p a r i s o n  w i t h  t h e  r e s t  o f  t h e  s y s t e m ,  
t h e s e  masses a r e  v e r y  low a n d  on t h e  same o r d e r  as 
t h e  S t i r l i n g  e n g i n e  mass.  T h e r e f o r e ,  f o r  t h i s  
d e s i g n ,  t h e  r a d i a t o r  does n o t  c o n s t i t u t e  t h e  l a r g -  
e s t  c o n t r i b u t o r  to s y s t e m  mass a s  i s  o f t e n  t h e  
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c a s e .  T h i s  was c o n s i d e r e d  s u f f i c i e n t  r e a  
a l l o w  t h e  c h o i c e  o f  a n y  t e m p e r a t u r e  r - a t i c  
w o u l d  be used  f o r  a d d i t i o n a l  a n a l y s i s .  A 
t u r e  r a t i o  o f  t h r e e  was c h o s e n  for  f u r t h e  
due t o  t h e  h i g h e r  e n g i n e  e f f i c i e n c y  e x i s t  
t h i s  p o i n t .  

L I F E  PERFORMANCE METHOD 

A p p r o a c h  

o n  i ng  t o  
t h a t  
t e m p e r a -  

n g  a t  
a n a l y s i s  

A f t e r  t h e  i n i t i a l  a n a l y s i s  h a d  been  c o m p l e t e d ,  
t h e  r a d i a t o r  was a n a l y z e d  u s i n g  t h e  l i f e  p e r f o r m -  
ance  a p p r o a c h .  The b a s i c  p r e m i s e  was t o  t h e r m a l l y  
d e s i g n  a r a d i a t o r  w i t h  n o  r e d u n d a n c y ,  b u t  make t h e  
a i - m o r i n g  t h i c k n e s s  s u f f i c i e n t  t o  g u a r a n t e e  t h a t  
o n l y  a c e r t a i n  p e r c e n t a g e  o f  t h e  r a d i a t o r  s u r v i v e  
t h e  m i s s i o n .  U s i n g  t h e  p a r a m e t e r s  o f  t h i s  a n a l y -  
s i s  as a n  e x a m p l e ,  i f  t h e  r a d i a t o r  was a s i x  p a n e l  
c o n f i g u r a t i o n  a t  a t e m p e r a t u r e  r a t i o  o f  3 ,  t h e n  i t  
w o u l d  be d e s i g n e d  to  be c a p a b l e  o f  r e j e c t i n g  t h e  
2 . 6 0  kW o f  h e a t .  However ,  t h e  a r m o r i n g  o n  t h e  
r a d i a t o r  would b e  d e s i g n e d ,  f o r  i n s t a n c e ,  o n  t h e  
a s s u m p t i o n  t h a t  p o s s i b l y  4 o f  t h e  6 r a d i a t o r  pan -  
e l s  [nay become i n o p e r a t i v e  d u r i n g  t h e  m i s s i o n .  

The e n g i n e  a n d  r a d i a t o r  a r e  s i z e d  for  a p a r -  
t i c u l a r  t e m p e r a t u r e  r a t i o .  I n i t i a l l y ,  w i t h  a l l  
r a d i a t o r  p a n e l s  i n t a c t ,  t h e  e n g i n e  w i l l  o p e r a t e  a t  
f u l l  p o w e r .  Due t o  t h e  r a d i a t o r  a r m o r i n g  t h i c k -  
n e s s ,  p a n e l s  a r e  e x p e c t e d  t o  be l o s t  d u r i n q  t h e  
m i s s i o n .  A s  t h i s  o c c u r s ,  t h e  e n g i n e  c o l d  end  and  
r a d i a t o r  w i l l  a d j u s t  t h e m s e l v e s  and  o p e r a t e  a t  
o f f - d e s i g n  c o n d i t i o n s .  The r e m a i n i n g  r a d i a t o r  
w i l l  n o t  b e  a b l e  t o  r e j e c t  a l l  t h e  h e a t  and  t h e  
t e m p e r a t u r e  o f  t h e  e n g i n e  a n d  r a d i a t o r  w i l l  r i s e .  
A t  some p o i n t ,  t h e  r e m a i n i n g  r a d i a t o r  a n d  e n g i n e  
w i l l  come i n t o  e q u i l i b r i u m .  The e n g i n e  tempera -  
t u r e  and  r a d i a t o r  t e m p e r a t u r e  and  t e m p e r a t u r e  
change w i l l  be l a r g e r  t h a n  t h o s e  v a l u e s  a s s o c i a t e d  
w i t h  t h e  i n i t i a l  t h e r m a l  d e s i g n  p o i n t .  A l l o w i n g  
t h e  r a d i a t o r  t o  be s i z e d  w i t h  t h i s  " p s e u d o r e d u n -  
d a n c y "  i n  m i n d  w i l l  p r o d u c e  a r a d i a t o r  t h a t  i s  s i g -  
n i f i c a n t l y  l i g h t e r  t h a n  w o u l d  o c c u r  i f  a l l  p a n e l s  
were  r e q u i r e d  t o  e x i s t  f o r  t h e  e n t i r - e  m i s s i o n  
l i f e .  I t  s h o u l d  be n o t e d  t h o u g h ,  as  r a d i a t o r  sec -  
t i o n s  become i n o p e r a t i v e ,  t h e  a c t u a l  e n g i n e  o u t p u t  
w i l l  n o t  r e m a i n  a t  t h e  i n i t i a l  1 . 5  kW l e v e l  n o r  
w i l l  t h e  r a d i a t o r  h e a t  l o a d  r e m a i n  a t  t h e  2 . 6  kW 
v a l u e .  The e n g i n e  o u t p u t  w i l l  f a l l  due to  a 
d e c r e a s e  i n  e n g i n e  e f f i c i e n c y  w h i l e  t h e  ' r - e q u i r e d  
r a d i a t o r  h e a t  l o a d  w i l l  i n c r e a s e .  

R e s u l t s  

The min imuin mass c o n f i g u r a t i o n  o f  t h e  s t a n d -  
a r d  me thod  d e s i g n  a n a l y s i s  was i n i t i a l l y  u s e d  as  
t h e  b a s i s  fo r  t h e  l i f e  p e r f o r m a n c e  m e t h o d .  The 
number o f  c o n n e c t i n g  t u b e s  d e t e r m i n e d  from t h e  
T tandar -d  a p p r o a c h  was v a r i e d  t o  d e t e r m i n e  a new 
min imum mass s y s t e m .  T h e r e f o r e .  c o n n e c t i n g  t u b e  
and  h e a d e r  d i a m e t e r s ,  number o f  p a n e l s  ( 6 ) ,  a n d  
m a t e r i a l s  a r e  t h e  same fo r  t h e  two methods  ( a t  t h e  
t e m p e r a t u r e  r a t i o  of 3 ) .  

N o r k  was done  to  s i z e  t h e  r a d i a t o r  so t h a t  
i n i t i a l l y  on ly  2 . 6  kW o f  h e a t  w o u l d  b e  r e j e c t e d .  
An a d d i t i o n a l ,  s e l f - i m p o s e d ,  c o n s t r a i n t  was a d d e d .  
The r a d i a t o r  t e m p e r a t u r e  w o u l d  n o t  g o  above  500 K 

f o r  t h e  m i s s i o n  as p a n e l s  were  d e s t r o y e d .  T h i s  
was done  due to  a c c o u n t  for t h e  s i g n i f i c a n t  
s t r e n g t h  r e d u c t i o n  o f  a l u m i n u m  a t  h i g h e r  t e m p e r a -  
t u r e s .  S e v e r a l  d e s i g n  i t e r a t i o n s  were  done  t o  
d e t e r m i n e  t h e  new s y s t e m  e q u i l i b r i u m  t e m p e r a t u r e  
as  r a d i a t o r  p a n e l s  were  d e s t r o y e d .  O f f - d e s i g n  
e n g i n e  p e r f o r m a n c e  was d e t e r m i n e d  b y  a s s u m i n g  a n  
e n g i n e  e f f i c i e n c y  o f  55  p e r c e n t  o f  C a r n o t  a t  t h e  
t e m p e r a t u r e  r a t i o  o f  3 .  A l i n e a r  v a r i a t i o n  o f  
t h i s  e f f i c i e n c y  was assumed t o  a v a l u e  o f  45  p e r -  
c e n t  o f  Car-not  a t  a t e m p e r a t u r e  r a t i o  o f  2 .  The 
f i n a l  d e s i g n  a l l o w e d  4 o f  t h e  6 o r i g i n a l  p a n e l s  t o  
be d e s t r o y e d  t h r o u g h  t h e  m i s s i o n  d u r a t i o n .  The 
s p e c i f i c  d e s i g n  d e t a i l s  a r e  shown i n  T a b l e  I V .  

The e n g i n e l r a d i a t o r  e q u i l i b r i u m  c o n d i t i o n s  
w e r e  d e t e r m i n e d  as  r a d i a t o r  p a n e l s  became i n o p e r a -  
t i v e .  Those r e s u l t s  a r e  p r e s e n t e d  i n  F i g .  3. 

COMPARISON OF RESULTS 

A; c a n  be seen  from T a b l e s  I 1  a n d  I V ,  t h e  
l i f e  p e r f o r m a n c e  d e s i g n  a p p r o a c h  has  a mass t h a t  
i s  o n l y  58 p e r c e n t  o f  t h a t  d e t e r m i n e d  b y  t h e  s t a n d -  
a r d  a p p r o a c h  ( f o r  a n  i n i t i a l  t e m p e r a t u r e  r a t i o  o f  
3 ) .  T h i s  i s  a t  t h e  expense  o f  a 31 p e r c e n t  d e g r a -  
d a t i o n  o f  e n g i n e  p e r f o r m a n c e  o v e r  t h e  r a d i a t o r  
l i f e .  The same b a s i c  d e s i g n  r e q u i r e m e n t s  were  
e x a m i n e d  fo r  o t h e r  m i s s i o n  l e n g t h s .  A IO y e a r  
l i f e  c a s e  r e s u l t e d  i n  a mass r e d u c t i o n  o f  55  p e r -  
c e n t  u s i n g  t h e  l i f e  p e r f o r m a n c e  m e t h o d .  There -  
f o r e ,  i n  t h i s  c a s e ,  o n e  f a i l u r e  w o u l d  b e  e x p e c t e d  
t o  o c c u r  a p p r o x i m a t e l y  e v e r y  2 - 1 / 2  y e a r s .  A t  t h i s  
t i m e ,  a 5 p e r c e n t  d r o p  i n  t h e  e n g i n e  p e r f o r m a n c e  
w o u l d  o c c u r .  T h i s  may r e p r e s e n t  a s m a l l  enough  
v a l u e  t o  be accommodated i n  r e m a i n i n g  s y s t e m  
d e s i g n ,  or a d e s i g n  c o u l d  assume a d e f e c t i v e  sec -  
t i o n  w i l l  b e  r e p l a c e d  b y  a s t r o n a u t s  w i t h i n  a s p e c i -  
f i e d  t i m e  p e r i o d .  

t o  i n c r e a s e  h e a t  t r a n s f e r  from t h e  r a d i a t o r  as  pan -  
e l s  were  d e s t r o y e d  was a l s o  e x a m i n e d  f o r  t h e  l i f e  
p e r f o r m a n c e  m e t h o d .  C a l c u l a t i o n s  w e r e  done  i n  
o r d e r  to d e t e r m i n e  t h e  mass f low r e q u i r e d  t o  m a i n -  
t a i n  t h e  same t e m p e r a t u r e  r a t i o .  The r e s u l t s  d i d  
n o t  p r o v e  t o  p r o v i d e  a n  a c c e p t a b l e  s o l u t i o n .  
D e c r e a s e d  e n g i n e  c a p a b i l i t y  due  to t h e  s i g n i f i -  
c a n t l y  h i g h e r  pump ing  power  r e q u i r e m e n t s  w o u l d  be 
r e q u i r e d  f o r  t h i s  s i t u a t i o n .  

The u s e  o f  h i g h e r  f l u i d  f l o w  r a t e s  i n  o r d e r  

A more  c o r r e c t  c o m p a r i s o n  of t h e  two r a d i a t o r  
d e s i g n  m e t h o d s  i s  o n e  i n  w h i c h  t h e  s i m i l a r  h e a t  
t r a n s f e r  r e q u i r e m e n t s  e x i s t  f o r  t h e  same m i s s i o n  
l e n g t h .  The same b a s i c  r a d i a t o r  p a n e l  d e s i g n s  
t h a t  were  e s t a b l i s h e d  as  t h e  o p t i m u m  c o n f i g u r a -  
t i o n s  f o r  t h e  two d e s i g n  m e t h o d s  w e r e  u s e d  for 
t h i s  p a r t  o f  t h e  a n a l y s i s .  Due t o  t h e  l i f e  p e r -  
f o r m a n c e  a p p r o a c h  h a v i n g  four  " e x t r a "  p a n e l s ,  i t  
i s  assumed t h a t  t h e  r a t e  o f  loss o f  a r a d i a t o r  
p a n e l  i s  o n e - q u a r t e r  o f  i t s  m i s s i o n  l e n g t h .  T h e r e -  
f o r e ,  to  p r o d u c e  e q u i v a l e n t  s p e c i f i c a t i o n s ,  t h e  
1 i f e  p e r f o r m a n c e  r a d i a t o r  d e s i g n  was r e q u i r e d  t o  
s u r v i v e  f o r  f o u r  t i m e s  t h e  m i s s i o n  l e n g t h  s p e c i -  
f i e d  f o r  t h e  s t a n d a r d  r a d i a t o r  d e s i g n .  T h i s  i s  to  
e n s u r e  t h a t  t h e  h e a t  l o a d  w i l l  b e  c a r r i e d  f o r  t h e  
e n t i r e  m i s s i o n  l i f e  d e t e r m i n e d  for t h e  b a s i c  d e s i g n  
a p p r o a c h .  f i g u r e  4 d e m o n s t r a t e s  t h e  e f f e c t  of 
v a r y i n g  t h e r m a l  l o a d s  o n  t h e  r a d i a t o r  mass w h i l e  
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F i g .  5 d i S D l ? y S  t h e  e f f e c t  o f  m i s s i o n  l e n g t h  o n  
t - a d i a t o r  mass for a f i x e d  t h e r m a l  l o a d  for. t h e  two 
" e a u i v a l e n t "  d e s i g n s .  These two f i g u r e s  ;how t h a t  
a s u b s t a n t i a l  mass ; a v i n g s  may be a c h i e v e d  w i t h  
t h e  use  o f  a l i f e  p e r f o r m a n c e  d e s i g n  a p p r o a c h .  

CONCLUSION 

A S t i r l i n g  e n g i n e / s o l a r  d y n a m i c s  r a d i a t o r  has 
been  d e s i g n e d  u s i n g  two d i f f e r e n t  t e c h n i q u e s .  The 
o p t i m i z e d  r a d i a t o r  mass r a n g e s  from 1 0 . 2  to 2 5 . 7  k g  
for- t e m p e r a t u r e  r a t i o s  o f  2 and  3 r e s p e c t i v e l y  f o r  
a s t a n d a r d  d e s i g n  a n a l y s i s .  The d e s i g n  used  a l u m i -  
num w i t h  an e m i s s i v i t y  o f  0 . 8 5  and  assumed a I 0  K 
t e m p e r a t u r e  d r c p  t h r o u g h  t h e  i - a d i a t o r .  The i - a d i a -  
tot- was composed o f  5 i n d e p e n d e n t  r a d i a t o r .  sec -  
t i o n s .  Due to  t h e  r a d i a t o r  mass r - e l a t i v e  t o  t h e  
r e m a i n i n g  s y s t e m ,  t h e  3 . 0  t e m p e r a t u r e  r a t i o  was 
u s e d  as t h e  b a s e l i n e  d e s i g n .  

The second  method  u s e d  r e s u l t s  i n  a r a d i a t o r  
d e s i g n  t h a t  a l s o  mee ts  t h e  S t i r l i n g  eng.ine r e q u i r e -  
men ts  w i t h  a 3 . 0  t e m p e r a t u r e  r a t i o .  The r a d i a t o r  
mee ts  t h e  h e a t  r e j e c t i o n  r e q u i r e m e n t  w i t h  a l l  pan-  
els o p e r a t i o n a l  a t  b e g i n n i n g  o f  l i f e  b u t  a l l o w s  
67 p e r c e n t  o f  t h e  a r e a  t o  be d e s t r o y e d  d u r i n g  t h e  
m i s s i o n .  T h i s  r e s u l t e d  i n  a much l i g h t e r  d e s i g n  
a t  t h e  expense  of 31 p e r c e n t  d e c r e a s e  i n  power' o u t -  
p u t  o v e r  t h e  s y s t e m  l i f e .  The r e s u l t i n g  mass d e t e r -  
m i n e d  was 1 4 . 9  k g .  

A c o m p a r i s o n  o f  t h e  two d e s i g n  a p p r o a c h e s  
shows i n t e r e s t i n g  r e s u l t s .  When t h e  same r e q u i r e -  
men ts  a r e  manda ted  for t h e  two d e s i g n s .  t h e  l i f e  
p e r f o r m a n c e  d e s i g n  a p p r o a c h  y i e l d s  a r a d i a t o r  t h a t  
i s  a p p r o x i m a t e l y  30 p e r c e n t  l e s s  m a s s i v e  t h a n  t h e  
s t a n d a r d  d e s i g n  me thod .  The e x p l a n a t i o n  i s  cou-  
p l e d  t o  s e v e r a l  f a c t o r s  t h a t  h a v e  gone i n t o  t h e  
a n a l y s e s .  The b a s i c  a p p r o a c h  i n i t i a l l y  o v e r s i z e s  

TABLE I. - ENGINE AND RADIATOR SPECIFICATIONS 

A T  VARIOUS TEMPERATURE RATIOS 

T e m p e r a t u r e  
r a t i o  

1 E n g i n e  c o o l e r  
t e m p e r a t u r e ,  

I K 

3 . 0 0  
2 . 7 5  
2 . 5 0  
2 . 2 5  
2 .oo 

333 
364 
400  
444 
500 

Requ i r e d  
h e a t  t o  be 

r a d i a t e d ,  
kW 

2 . 6 0  
2 . 7 9  
3 . 1 3  
3 . 6 0  
4 . 1 6  

a r a d i a t o r  t h e r m a l l y .  T h i s  e f f e c t  i s  c a r r i e d  
t h r o u g h  to d e t e r m i n e  t h e  r e q u i r e d  r a d i a t o r  p r o t e c -  
t i v e  a r m o r .  The l a r g e r  a r e a  r e q u i r e s  more a r m o r  
w h i c h ,  i n  t u r n ,  r e d u c e s  t h e  h e a t  t r a n s f e r  c a p a b i -  
l i t y .  The l i f e  p e r f o r m a n c e  a p p r o a c h  t a k e s  a l l  t h e  
e x c e s s  o u t  o f  an i n i t i a l l y  s i z e d  r a d i a t o r .  
A l t h o u g h  s u c h  a s y s t e m  i s  t h e o r e t i c a l l y  r e q u i r e d  
t o  have  a much l o n g e r  m i s s i o n  l i f e  t o  m e e t  t h e  
same s y s t e m  n e e d s ,  t h e  s m a l l e r  s i z e  and more 
" e x t r a "  s e c t i o n s  r e d u c e  t h e  r a d i a t o r  mass 
c o n s i d e r a b l y .  

I t  may b e  a r g u e d  t h a t  as  one  s e c t i o n  of a 
r a d i a t o r  d e s i g n e d  b y  t h e  l i f e  p e r f o r m a n c e  t e c h -  
n i q u e  i s  d e s t r o y e d ,  t h e  e n t i r e  s y s t e m  c a p a b i l i t i e s  
w i l l  be r e d u c e d ,  whereas  w i t h  t h e  s t a n d a r d  a p p r o a c h  
s y s t e m  p e r f o r m a n c e  w i  1 1  s t i  I 1  be c a p a b l e  of meet -  
i n g  a s e t  of minimum r e q u i r e m e n t s .  A l t h o u g h  t h i s  
i s  t r u e ,  i t  i s  b e l i e v e d  t h a t  a s y s t e m  c a n  be 
d e s i g n e d  t o  accommodate t h i s  s i t u a t i o n  w i t h o u t  a 
s u b s t a n t i a l  i n c r e a s e  i n  s y s t e m  mass. A d d i t i o n -  
a l l y ,  due t o  c o n s e r v a t i s m s  i n v o l v e d  i n  p r e d i c t i o n  
of f a i l u r e  due t o  m i c r o m e t e o r o i d  and  space  d e b r i s  
i m p a c t ,  a p a r t  may l a s t  much l o n g e r  t h a n  a n t i c i -  
p a t e d  t h e o r e t i c a l l y .  T h i s  f a c t  w o u l d  l e a n  o n e  
t o w a r d  t h e  u s e  of a l i f e  p e r f o r m a n c e  r a d i a t o t -  
d e s i g n  a p p r o a c h .  

The l i f e  p e r f o r m a n c e  m e t h o d  p r e s e n t e d  o f f e r s  
a d e s i g n e r  a n o t h e r  o p t i o n  b y  w h i c h  a r a d i a t o r  a n d  
s y s t e m  c a n  be f a s h i o n e d  and  o p t i m i z e d .  

The s p e c i f i c  s o l a r  d y n a m i c l s t i r l i n g  e x p e r i -  
ment  d e s i g n  d e s c r i b e d  was a n  e l e m e n t a r y ,  f i r s t  
a t t e m p t  t o  c o n f i g u r e  a f l i g h t  d e m o n s t r a t i o n  of t h e  
s y s t e m  a s s u m i n g  t h e  u s e  o f  t h e  space  s h u t t l e .  
A d d i t i o n a l  w o r k  i s  b e i n g  done  a t  t h e  NASA L e w i s  
to  e x p l o r e  o t h e r  p o s s i b i l i t i e s  for s u c h  a n  
e x p e r i m e n t .  

[ABLE 1 1 .  - RADIATOR DETAILS FOR TEMPERATURE RATIO = 3 

H e a t  T r a n s f e r ,  kW . . . . . . . . . . . . .  2 . 6  
M a t e r i a l  . . . . . . . . . . . . . . .  A luminum 
One y e a r  m i s s i o n  l i f e  
R a d i a t o r  mass, k g  . . . . . . . . . . .  2 5 . 7 0  
Number o f  p a n e l s  . . . . . . . . . . . . . .  6 
Number of p a n e l s  a t  e n d  of m i s s i o n  . . . . .  4 
Number of r e d u n d a n t  p a n e l s  . . . . . . . . .  2 
E m i s s i v i t y  . . . . . . . . . . . . . . . .  0.85 
I n s i d e  d i a m e t e r  of h e a d e r ,  m . . . . . .  0.010 
Header  w a l l  t h i c k n e s s ,  m . . . . . . .  0 .00161  
Header  l e n g t h ,  m . . . . . . . . . . . .  1 . 7 7 9  
C o n n e c t i n g  t u b e  i n s i d e  d i a m e t e r ,  m . . .  0.005 
C o n n e c t i n g  t u b e  w a l l  t h i c k n e s s ,  m . . 0 . 0 0 1 9 2  
C o n n e c t i n g  t u b e  l e n g t h ,  m . . . . . . .  0 .982  

F i n  t h i c k n e s s .  m . . . . . . . . . . . .  0.0005 
E f f e c t i v e  a r e a ,  m2 ( b e g i n n i n g  of l i f e )  . . 1 4 . 7  
S p e c i f i c  mass,  m2 ( b e g i n n i n g  o f  l i f e )  . . 1 . 7 5  

Number- o f  c o n n e c t i n g  t u b e s  . . . . . . . . .  1 1  
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TABLE 111. - RADIATOR DETAILS FOR TEMPERATURE RATIO = 2 

TABLE I V .  - RADIATOR DETAILS FOR L I F E  PERFORMANCE 

APPROACH TEMPERATURE RATIO = 3 ( I N I T I A L L Y )  
~~~~ ~ ~~~~ 

H e a t  t r a n s f e r ,  kW . . . . . . . . . . . . .  4 . 1  
M a t e r i a l  . . . . . . . . . . . . . . .  A luminum 
One y e a r  m i s s i o n  l i f e  
R a d i a t o r  mass,  k g  . . . . . . . . . . .  10.21 
Number o f  p a n e l s  . . . . . . . . . . . . . .  6 
Number o f  p a n e l s  a t  end  o f  m i s s i o n  . . . . .  4 
Number o f  r e d u n d a n t  p a n e l s  . . . . . . . . .  2 
E m i s s i v i t y  . . . . . . . . . . . . . . . .  0 . 8 5  
I n s i d e  d i a m e t e r  o f  h e a d e r ,  m . . . . . .  0.010 
Header  w a l l  t h i c k n e s s ,  m . . . . . . .  0 . 0 0 1 6 1  
Header  l e n g t h ,  m . . . . . . . . . . . .  1 .779  
C o n n e c t i n g  t u b e  i n s i d e  d i a m e t e r ,  m . . .  0 . 0 0 5  
C o n n e c t i n g  t u b e  w a l l  t h i c k n e s s ,  m . . .  0 . 0 0 1 2 8  
C o n n e c t i n g  t u b e  l e n g t h ,  m . . . . . . . .  0 . 2 5 0  
Number o f  c o n n e c t i n g  t u b e s  . . . . . . . . .  16  
F i n  t h i c k n e s s ,  m . . . . . . . . . . . .  0 . 0 0 0 5  
E f f e c t i v e  a r e a ,  m2 ( b e g i n n i n g  o f  l i f e )  . . 4 . 0 6  
S p e c i f i c  mass,  ni2 ( b e g i n n i n g  o f  l i f e )  . . 2 . 5 1  
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M a t e r i a l  . . . . . . . . . . . . . . .  
One y e a r  m i s s i o n  l i f e  
R a d i a t o r  mass,  k g  . . . . . . . . . .  
Plumber o f  p a n e l s  . . . . . . . . . . .  
Number o f  p a n e l s  a t  e n d  o f  m i s s i o n  . . 
Number o f  " p s e u d o  r e d u n d a n t "  p a n e l s  . 
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C o n n e c t i n g  t u b e  l e n g t h ,  in . . . . . .  
Number of c o n n e c t i n g  t u b e s  . . . . . .  
F i n  t h i c k n e s s ,  m . . . . . . . . . . .  
E f f e c t i v e  a r e a ,  m2 ( b e g i n n i n g  o f  l i f e )  . 
S p e c i f i c  inass, in2 ( b e g i n n i n g  o f  l i f e )  . 

Header  l e n g t h ,  m . . . . . . . . . . .  
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